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1
NITRIDE SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This Utility Patent Application is a continuation applica-
tion of U.S. application Ser. No. 14/708,736, filed May 11,
2015 which is a divisional application of U.S. application
Ser. No. 12/713,336, filed Feb. 26, 2010, both of which are
incorporated herein by reference.

This description refers to embodiments of nitride semi-
conductor devices and particularly high electron mobility
transistors (HEMTs) and methods for manufacturing such
devices. The description also refers to power nitride semi-
conductor devices such as power-HEMTs.

BACKGROUND

Common power devices on the basis of GaN (gallium
nitride) are mainly lateral HEMTs using a 2-dimensional
electron gas (2-DEG) which is formed at the heterojunction
between undoped GaN and undoped AlGaN (aluminium
gallium nitride). Such devices are typically normally-on
devices.

Approaches to form normally-off-devices, i.e. enhance-
ment devices, include a p-doped AlGaN or p-doped GaN
barrier layer between the gate and the undoped barrier layer
to raise the conductivity band of the barrier layer such that
the threshold voltage of the device is shifted to positive
values. In order to obtain functional devices, the undoped
barrier layer should not produce a too high density of the
2-dimensional electron gas, which counteracts the threshold
voltage rise. However, reducing the density of the 2-DEG
also reduces the conductivity of the drift region between
source and drain.

Another approach is to form a recessed-gate-structure
with a reduced barrier thickness below the gate formed by a
Schottky metal. Manufacturing of such structures is com-
plicated and not always reproducible.

For these and other reasons there is a need for the present
invention.

BRIEF SUMMARY

According to an embodiment, a nitride semiconductor
device is provided. The nitride semiconductor device
includes a Group-III nitride channel layer: a Group-III
nitride barrier layer on the Group-III nitride channel layer,
the Group-III nitride barrier layer including a first portion
and a second portion, the first portion having a thickness less
than the second portion: a p-doped Group-III nitride gate
layer section arranged at least on the first portion of the
Group-11I nitride barrier layer: and a gate contact on the
p-doped Group-III nitride gate layer.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

A full and enabling disclosure, including the best mode
thereof, to one of ordinary skill in the art, is set forth more
particularly in the remainder of the specification, including
reference to the accompanying figures.

FIG. 1 illustrates a nitride semiconductor device embod-
ied as a HEMT according to one embodiment.

FIGS. 2A to 2E illustrate processes of a method for
manufacturing a nitride semiconductor device such as a
HEMT according to an embodiment.
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FIGS. 3A to 3E illustrate processes of a method for
manufacturing a nitride semiconductor device such as a
HEMT according to an embodiment.

FIGS. 4A to 4E illustrate processes of a method for
manufacturing a nitride semiconductor device such as a
HEMT according to an embodiment.

FIG. 5 illustrates the relationship between threshold volt-
age, Al-content in the barrier layer and thickness of the
barrier layer.

FIG. 6 illustrates a nitride semiconductor device embod-
ied as a HEMT according to an embodiment.

FIGS. 7A to 7D illustrate processes of a method for
manufacturing a nitride semiconductor device including a
depletion and an enhancement nitride semiconductor device
such as a depletion and an enhancement HEMT according to
an embodiment.

DETAILED DESCRIPTION

Reference will now be made in detail to various embodi-
ments, one or more examples of which are illustrated in the
figures. Each example is provided by way of explanation,
and is not meant as a limitation of the appending claims. For
example, features illustrated or described as part of one
embodiment can be used on or in conjunction with other
embodiments to yield yet a further embodiment. It is
intended that the present description includes such modifi-
cations and variations. The examples are described using
specific language, which should not be construed as limiting
the scope of the appending claims. The drawings are not
scaled and are for illustrative purposes only.

The term “lateral” as used in this specification intends to
describe an orientation parallel to the main surface of a
semiconductor substrate.

The term “vertical” as used in this specification intends to
describe an orientation, which is arranged perpendicular to
the main surface of the semiconductor substrate.

In this specification, a second surface of a semiconductor
substrate is considered to be formed by the lower or backside
surface while a first surface is considered to be formed by
the upper, front or main surface of the semiconductor
substrate. The terms “above” and “below” as used in this
specification therefore describe a relative location of a
structural feature to another structural feature with consid-
eration of this orientation.

Specific embodiments described in this specification per-
tain to, without being limited thereto, power semiconductor
devices and particularly to devices which are controlled by
field-effect such as high electron mobility transistor
(HEMTs) using a 2-dimensional electron gas (2-DEG). Such
devices are also described as heterojunction field effect
transistors (HFETs).

With reference to FIG. 1, a first embodiment of a nitride
semiconductor device such as a HEMT is described. In the
following description, the nitride semiconductor device will
be referred to as HEMT without being limited thereto. As it
will become apparent from the further description, the
HEMT 100 includes a barrier layer, which is thinner below
the gate of the HEMT 100 in comparison to the barrier layer
in the gate-drain and gate-source section.

According to an embodiment, a nitride semiconductor
device is provided. The nitride semiconductor device
includes a Group-III nitride channel layer: a Group-III
nitride barrier layer on the Group-III nitride channel layer,
the Group-III nitride barrier layer including a first portion
and a second portion, the first portion having a thickness less
than the second portion: a p-doped Group-III nitride gate
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layer section arranged at least on the first portion of the
Group-11I nitride barrier layer: and a gate contact on the
p-doped Group-III nitride gate layer.

According to another embodiment, a method for manu-
facturing a nitride semiconductor device is provided. The
method includes providing a Group-III nitride channel layer;
forming a Group-III nitride barrier layer having a first
portion and a second portion on the Group-III nitride chan-
nel layer, the first portion having a thickness less than the
second portion: forming a p-doped Group-III nitride gate
layer section at least on the first portion of the Group-III
nitride barrier layer; forming a gate contact on the p-doped
Group-III nitride gate layer: forming a source electrode:
forming a drain electrode spaced apart from the source
electrode.

Further embodiments, modifications and improvements
of the semiconductor device and the method will become
more apparent from the following description and the
appending claims.

The HEMT 100 includes a semiconductor substrate 1,
which can be made of different materials such as GaN
(gallium nitride), Si (silicon), SiC (silicon carbide) or Al,O;
(sapphire). Examples for SiC substrates are 4H, 3C, 6H and
15R polytypes of SiC. SiC has a for example a higher
thermal conductivity than sapphire which facilitates thermal
dissipation of the device.

The HEMT 100 can be manufactured using different
materials. According to one or more embodiments described
herein, the material system used for fabricating the HEMT
100 is based on Group-III nitride semiconductor materials.
Group-11I refers to semiconductor compounds, which are
formed between nitrogen and one or more elements from the
Group III of the periodic system, typically Al (aluminium),
Ga (gallium), and In (indium). Group-III nitride semicon-
ductor materials refer to binary materials such as GaN and
InN, ternary materials such as AlGaN and AllnN, and
quarternary materials such as AlGalnN. These materials
exhibit a high spontaneous piezoelectric polarization, which
is very useful for generating a 2-DEG.

As there might be a lattice mismatch between the sub-
strate 1 and the Group-III material, an optional buffer layer
2 can be provided on the substrate 1. Different materials can
be used for the buffer layer 2. According to one or more
embodiments, a suitable material for the buffer layer 2 can
be Al Ga, , N (0=w=l). AIN (Al, Ga, , N for w=1) is typi-
cally used, for example, in the embodiment illustrated in
FIG. 1. According to one or more embodiments, a multi
layer buffer layer formed by alternating combinations of
semiconductor nitride layers can also be used. The buffer
layer 2 can have a sufficient thickness to provide for lattice
compensation.

The HEMT 100 also includes Group-III nitride layer 3,
which forms a channel layer. In the following description,
the Group-III nitride layer 3 is referred to as channel layer.
The channel layer 3 can generally be made of Al ,Ga, N
with O=<a<l and is typically significantly thicker than the
buffer layer 2. Channel layer 3 can also be thinner than
buffer layer 2, or can be of same thickness. According to one
or more embodiments, the channel layer 3 is made of GaN
(Al,Ga, N for a=0). The channel layer 3 is typically
undoped. In connection with this specification, undoped
means not intentionally doped. A skilled person will appre-
ciate that semiconductor materials are not completely
undoped and might include traces of impurities.

In one embodiment, the channel layer 3 is thicker than the
buffer layer 2 and can be in the range from about 2 um to 6
um although other thicknesses can also be used. The channel
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layer 3 is arranged on the optional buffer layer 2 opposite to
the substrate 1. When no buffer layer 2 is used, channel layer
3 will be arranged directly on the substrate 1, for example,
when a Group-III nitride substrate 1 is used.

A Group-I1I nitride barrier layer 4, which is referred to in
the following as barrier layer, is included on the channel
layer 3 opposite to the optional buffer layer 2 and substrate
1. According to one or more embodiments, the barrier layer
4 can be made of a material selected from the group
including Al,Ga, ;N (0<b=l) and AlIn, N (0O=c<l and
a<c). According to one or more embodiments, the content of
aluminium in the barrier layer 4 is higher than the content of
aluminium in the channel layer 3, i.e. a<b and a<c. An
example is Al, ;Ga, N for the barrier layer 4 and GaN for
the channel layer 3. The barrier layer 4 can be a single layer
or a composition including two, three or more layers. For
example, the barrier layer 4 can be composed of several
monolayers. In one or more embodiments, the barrier layer
4 is undoped.

According to one or more embodiments, the barrier layer
4 can be composed of at least a first Group-III nitride barrier
layer 41, which will be referred to in the following as first
barrier layer, and at least a second Group-III nitride barrier
layer 42, which will be referred to in the following as second
barrier layer. The first barrier layer 41 can be made of
Al,,Ga, ,,N (0=bl=l) or Al ;In, ;N (0O=cl<l) with typi-
cally a<bl and a<cl, i.e. the Al-content in the first barrier
layer 41 is higher in one or more embodiments than in the
channel layer 3. The second barrier layer 42 can be made of
Al,,Ga, ,,N (0=b2<1) or Al_,In, ,N (0=c2=<1) with typi-
cally a<b2 and a<c2, i.e. the Al-content in the second barrier
layer 42 is higher in one or more embodiments than in the
channel layer 3. First and second barrier layers 41, 42 are
typically undoped.

First barrier layer 41 is comparably thin, for example
equal to or less than 5 nm, for example 1 nm to 2 nm thick.
Second barrier layer 42 can be of the same thickness, for
example equal to or less than 5 nm, but can also be thicker
than first barrier layer 41, for example about 20 nm. First and
second barrier layers 41 and 42 can also have other thick-
nesses and other thickness relations. For example, both
barrier layers 41, 42 can have substantially the same thick-
ness such as about 5 nm.

The region, where the first barrier layer 41 is covered by
a gate layer section 5 described below is also referred to as
first portion 4-1 of the barrier 4, while the region, where both
the first and second barrier layers 41, 42 are in contact with
each other, are referred to as second portion 4-2 of the barrier
layer 4. First portion 4-1 forms the gate region while second
portion 4-2 forms a gate-source section and a gate-drain
section, respectively. According to one or more embodi-
ments, first portion 4-1 of the barrier layer 4 has a thickness
less than the thickness of the second portion 4-2.

FIG. 1 illustrates thickness relations between the first
barrier layer 41 and the barrier layer 4 composed of first and
second barrier layers 41, 42. First barrier layer 41 (first
portion 4-1 of the barrier layer 4) has a thickness “a” while
the thickness of the barrier layer 4 outside of the gate region
(second portion 4-2 of the barrier layer 4) is “b”. In one or
more embodiments, the thickness relation a:b can be in a
range from about 1:2 to about 1:10.

In one embodiment the barrier layer 4 is formed on and in
contact with the channel layer 3 to form a heterojunction
interface. In one embodiment, the material of the barrier
layer 4 has a higher bandgap width than the material of the
channel layer 3. The difference in the band gap width can be
adjusted, for example, by selecting the Al-content in the
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respective layers. When the barrier layer 4 includes at least
the first and the second barrier layers 41, 42, first barrier
layer 41 is typically arranged on and in contact with the
channel layer 3 so that the heterojunction interface is formed
between the channel layer 3 and the first barrier layer 41.

At the heterojunction interface between the channel layer
3 and the barrier layer 4 or between the channel layer and the
first barrier layer 41, respectively, a 2-DEG layer 8 is formed
as a result of the piezoelectric polarization, lattice mismatch
and difference of the band gap widths of the channel layer
3 and the barrier layer 4 or first barrier layer 41. In one
embodiment, the barrier layer 4 and first and second barrier
layers 41, 42 have a larger band gap than the channel layer
3. The 2-DEG layer 8 forms a conductive channel connect-
ing a source electrode 11 with a drain electrode 12. Without
additional measures, the HEMT 100 forms a depletion mode
device (normally-on) since the 2-DEG layer 8 provides a
conductive channel between source 11 and drain 12.

The HEMT 100 further includes a passivation layer 6 and
a gate contact 10.

To obtain an enhancement mode device (normally-off), a
p-doped Group-III nitride gate layer section 5, which will be
referred to in the following as gate layer section 5, is
arranged on the barrier layer 4. Gate layer section 5 can be
made of p-doped AlGa, N with 0=<z<1, for example GaN
(ALGa,; N for 7z=0). Gate layer section 5 reduces the
electron population in the 2-DEG layer 8 under the gate
region (first portion 4-1) of the barrier layer 4, which brings
about a shift of the threshold voltage of about 3 V in positive
direction in comparison to a device that does not include a
p-doped gate layer section. As the 3 V roughly corresponds
to the band gap of the barrier layer 4, the formation of the
2-DEG is restricted or prevented in the gate region so that
the device is normally-off.

The p-doped gate layer section 5 can have a thickness of
about 100 nm although other thicknesses can be used as
well. The doping concentration of the p-doped gate layer
section 5 is typically about 10'® cm™> although other doping
concentrations can be used as well. The p-doping concen-
tration can be increased towards the upper surface of the gate
layer section 5 to provide a low ohmic p-contact to a gate
metal. In one embodiment, an additional highly p-doped
Group-11I nitride capping layer can be deposited on gate
layer section 5. Furthermore, gate layer section 5 can include
several p-doped Group-III nitride layers of different doping
concentration and different composition if desired.
Examples for the material used as p-doped gate layer section
5 are GaN and Al, ,Ga, gN.

In one embodiment, the gate layer section 5 is formed in
the gate region on and in contact with the barrier layer 4 or,
in case of the first and second barrier layers 41, 42, on and
in contact with the first barrier layer 41. The second barrier
layer 42 can then be formed on and in contact with the first
barrier layer 41 in regions, which are not covered by the gate
layer section 5.

The selection of the material used for channel layer 3 and
barrier layer 4 also influences the extent to which the 2-DEG
layer 8 is formed at the heterojunction between the channel
layer 3 and barrier layer 4. For example, the Al-content in
the barrier layer 4, or more generally, the difference of the
Al-content between the channel layer 3 and barrier layer 4,
has an impact on the threshold voltage of the device.
Another parameter, which should be considered, is the
thickness of the barrier layer 4. FIG. 5 illustrates the relation
between the thickness of the barrier layer 4 in the gate region
between the gate layer section 5, the Al-content of the barrier
layer 4 below the gate layer section 5, and the threshold
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voltage. To obtain a threshold voltage larger than -1V, i.e.
a more positive value, a comparably high Al-content can be
used when the barrier layer 4 between the gate layer section
5 and the channel layer 3 is made thin. For example, the
barrier layer 4, or the first barrier layer 41, can have a
thickness of up to 9 nm when their Al-content does not
exceed about 30% to 35%. By further reducing the thickness
of the barrier layer 4 between the p-doped gate layer section
5 and the channel layer 3, an even higher Al-content can be
used. The thickness and the Al-content of the barrier layer 4
below the p-doped gate layer section 5 or the thickness of the
first barrier layer 41 is typically selected such to obtain a
threshold shift, caused by the barrier layer, i.e. without the
p-doped gate layer section 5, of not more than -1V.

The undoped barrier layer 4 shifts the threshold voltage to
negative values by increasing the density of the electron gas
in the 2-DEG layer 8. A high density of the electron gas in
the gate-drain and gate-source section is desired. Contrary
thereto, p-doped gate layer section 5 shifts the threshold
voltage in the gate region to positive values. The combina-
tion of these two opposing effects defines the threshold
voltage of the HEMT.

According to one or more embodiments, the Al-content of
the first barrier layer 41 can be different to the Al-content of
the second barrier layer 42 although both the first and second
barrier layers 41, 42 can also have the same Al-content. In
one embodiment, the first barrier layer 41 has a higher
Al-content than the second barrier layer 42. In one or more
embodiments, the Al-content of the first barrier layer 41 can
be different to the Al-content of the p-doped gate layer
section 5. Using a different Al-content in the first and second
barrier layers 41, 42 allows a higher freedom in tailoring the
electrical properties of the HEMT 100. This allows, for
example, adjustment of the threshold voltage of the device,
which is defined by the opposing action of the p-doped gate
layer section 5 and the first barrier layer 41, independent of
the adjustment of the resistance of the gate-drain section and
gate-source section of the 2-DEG layer 8, respectively.
Hence, it is possible to provide the gate-drain section (GD
section) and gate-source section (GS section) with a low
resistance while keeping the threshold voltage at a desired
level. To reduce the on-resistance of the HEMT 100, the first
barrier layer 41 can be made thin and of, for example, AIN
(Al,,Ga,_,;N for b1=1) while the second barrier layer 42
can be made of Al, ;Ga, ;N (Al,,Ga, ,,N for b2=0.3). It is
also possible to use the same material for the first and second
barrier layers 41, 42 since the smaller different thickness of
the first barrier layer 41 (first portion 4-1: gate region) alone
in comparison to the larger thickness of the combined first
and second barrier layers 41, 42 (second portion 4-2: gate-
drain section and gate-source section) also brings about a
different density of the electron gas in the 2-DEG layer 8.

Using a different Al-content for the first and second
barrier layers 41, 42 also facilitates the manufacturing
process. For example, by adjusting the Al-content of the first
layer 41 relative to the Al-content of the p-doped gate layer
section 5, a selective etching of the material of the gate layer
section 5 relative to the first barrier layer 41 is possible so
that the first barrier layer 41 functions as etch stop.

Another improvement is that the thickness of the barrier
layer 4, composed of the first and second barrier layers 41,
42, can be finely adjusted in the region between gate layer
section 5 and the channel layer 3 (gate region) since the
thickness of the barrier layer 4 in that region also influences
the threshold voltage. For example, variations of about 1 nm
of the thickness in that region may cause observable varia-
tions of the threshold voltage. Since the first barrier layer 41
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can be separately formed, typically by epitaxial deposition,
which can be finely controlled, the thickness of the barrier
layer 4 between the p-doped gate layer section 5 and the
channel layer 3 can be finely adjusted. Furthermore, varia-
tions of the thickness between devices commonly process
can by reduced which improves the yield.

The barrier layer 4 can also include further layers if
desired. Basically, the barrier layer 4 can include several
layers of different or same material. Furthermore, the first
barrier layer 41 can include more than one layer of different
or same material. Moreover, the second barrier layer 42 can
include more than one layer, such as two or three layers of
same or different material. Using more layers provides more
freedom for tailoring the electrical characteristics of the
device. Barrier layer 4, or second barrier layer 42, can
additionally be covered by a thin, e.g., 2 nm, layer of GaN
to reduce the oxidation susceptibility of the barrier layer.

According to one or more embodiments, the HEMT 100
includes a barrier layer 4 having a recess. The term “recess”
is to be understood as a region where the barrier layer 4 has
a portion with a smaller thickness than adjacent regions. The
recess is defined by the first portion 4-1 of the barrier layer
4 having a thickness less than the second portion 4-2 of the
barrier layer 4. The recess can be formed by a partial etching
of the barrier layer 4 and also be a build-up using two or
more barrier layers. The p-doped gate layer section 5 is
formed at least in the recess, for example on and in contact
with the first portion 4-1 of the barrier layer 4. According to
one or more embodiments, the barrier layer 4 includes a first
barrier layer 41 and a second barrier 42 formed on and in
contact with the first barrier layer 41. The second barrier
layer 42 includes an opening extending to the first barrier
layer 41 to define a recess (gate portion) of the barrier layer
4. The p-doped gate layer section 5 is arranged in the
opening of the second barrier layer 42 and on and in contact
with the first barrier layer 41.

According to one or more embodiments, nitride semicon-
ductor device is provided which includes a Group-III nitride
channel layer and a Group-III nitride barrier layer on the
Group-III nitride channel layer, wherein the Group-III
nitride barrier layer includes a recess. A p-doped Group-III
nitride gate layer section is arranged at least in the recess of
the Group-II1 nitride barrier layer. A gate contact is arranged
on the p-doped Group-III nitride gate layer. The nitride
semiconductor device further includes a source electrode
and a drain electrode spaced apart from the source electrode.

According to one or more embodiments a high electron
mobility transistor (HEMT) is provided which includes a
substrate, a buffer layer on the substrate and a channel layer
on the substrate. A first barrier layer is arranged on and in
contact with the channel layer. The first barrier layer has a
bandgap higher than the bandgap of the channel layer to
confine a two dimensional electron gas (2-DEG) at a het-
erojunction between the channel layer and the first barrier
layer. A p-doped gate layer section is arranged on and in
contact with the first barrier layer in a gate region of the
HEMT. An ohmic gate contact is arranged on the p-doped
gate layer section to contact electrically the p-doped gate
layer section. A source contact is arranged in a source region
of'the HEMT to contact electrically the 2-DEG layer. A drain
contact is arranged in a drain region of the HEMT to contact
electrically the 2-DEG layer, wherein the drain region is
spaced apart from the source region such that the p-doped
gate layer section is arranged between the source contact and
the drain contact. A second barrier layer is arranged on and
in contact with the first barrier layer.
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According to one or more embodiments, the HEMT
further includes a substrate and a buffer layer between the
substrate and the Group-III nitride layer.

With reference to FIGS. 2A to 2E a first embodiment of
a manufacturing method will be described. This embodi-
ment includes a non-selective epitaxial deposition of first
and second barrier layers and a selective etching of a gate
layer relative to the first barrier layer.

A substrate 1 is provided, which includes an optional
buffer layer 2 and gate channel layer 3 as described above.
Typically, the semiconductor substrate 1 can be a single bulk
mono-crystalline material. Buffer layer 2 and channel layer
3 are typically formed by epitaxial deposition. In this
embodiment, the substrate 1 is a Si wafer, the buffer layer 2
is made of AIN, and the channel layer 3 is made of GaN, for
example. A multilayer buffer layer 2 can also be used. Next,
a thin first barrier layer 41, made of for example AlGaN or
AN, is epitaxially deposited on the channel layer 3. First
barrier layer 41 may have a thickness in the range of a few
nm such as between 1 nm and 20 nm, particularly, between
1 nm and 10 nm, and more particularly between 1 nm and
2 nm, depending on its Al-content. In a further process, an
in situ p-doped gate layer 5-1 is deposited, typically by
epitaxy. The p-doped gate layer 5-1 can have a thickness of
about 100 nm although other thicknesses in a range, for
example, 50 nm to 200 nm, are also possible.

According to one or more embodiments, the Al-content of
the first barrier layer 41 can be in a range from about 18%
to about 25% with the Al-content of the second barrier layer
42 being higher than the Al-content of the first barrier layer
41. As it becomes apparent from the relation illustrated in
FIG. 5, it is desirable to have a little Al-content in the first
barrier layer 41 in order to avoid a significant shift of the
threshold voltage to negative voltages. On the other hand,
the Al-content of the first barrier layer 41 should be high
enough to allow a selective etching of the gate layer 5-1
relative to the first barrier layer 41 as described below. When
the first barrier layer 41 includes a very high Al-content, the
thickness of the first barrier layer 41 should be reduced
accordingly to keep the threshold shift caused by the first
barrier layer 41 in the range from about 0V to —1V.

The p-doped gate layer 5-1 is used to form the p-doped
gate layer section 5 and hence is made of the above
described material for the p-doped gate layer section 5.
Typically, the gate layer 5-1 is highly doped in situ with Mg
although other dopants can also be used.

A mask 7 is formed on the p-doped gate layer 5-1 in a gate
region of the device, i.e. in a range where the p-doped gate
layer section 5 is to be formed. The material of the mask 7
is not restricted and can include material for forming a hard
mask such as SiO, or organic or polymeric material. The
resulting structure is illustrated in FIG. 2A.

In a subsequent process, the p-doped gate layer 5-1 is
etched selectively to the mask 7 and also to the material of
the first barrier layer 41. On top of the gate layer 5, a not
illustrated highly p-doped capping layer can by formed for
providing a good ohmic contact to a later formed gate
contact. The first barrier layer 41 can therefore function as
an etch stop layer. For enabling selective etching, the
Al-content of the first barrier layer 41 can be adjusted
selectively to the Al-content of the p-doped gate layer 5-1.
For example, the Al-content of the first barrier layer 41 can
be higher than the Al-content of the p-doped gate layer 5-1.
This results in a desired different etching behaviour. As an
example, the Al-content of the first barrier layer 41 can be
in a range of about 10% to about 30% while the p-doped gate
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layer 5-1 does not include Al. The etching process can be a
plasma etching using SF as etchant. The resulting structure
is illustrated in FIG. 2B.

FIG. 2C illustrates further processes, which include depo-
sition of a second barrier layer 42 on exposed portions of the
first barrier layer 41 and, in this embodiment, also on the
gate layer section 5. The portions of second barrier layer 42,
which are arranged on the gate layer section 5, do not serve
as barrier layer and are therefore not considered as a portion
of the barrier layer 4. Hence, the barrier layer 4 includes a
first portion 4-1 having a small thickness defined by first
barrier layer 41 only a and second portion 4-2 defined by the
combination of first and second barrier layers 41, 42. The
second barrier layer 42 is deposited by epitaxy to a thickness
of about 5 nm to 50 nm, for example 20 nm. The material
of the second barrier layer 42 can be the same as that of the
first barrier layer 41 or can be different thereto. For example,
AlGaN or AllnN with a suitable Al content can be used.

In a further process, a passivation layer 6 is deposited,
which can be done in situ or ex situ. The resulting structure
is illustrated in FIG. 2C.

In further a process, contact openings to allow formation
of source and drain electrodes are etched in the passivation
layer 6 and barrier layer 4. The formed openings can extend
completely though the barrier layer 4, i.e. through the first
and second barrier layers 41, 42. It is also possible that the
openings only extend up to the first barrier layer 41. In a
further process, contact metal is deposited to form the source
and drain electrodes 11, 12. Then, a furnace anneal is carried
out which causes formation of metallurgical phases to
improve the electrical contact to the 2-DEG layer 8. The
formed metallurgical phases also extend through the first
barrier layer 41 under the source and drain electrodes 11, 12
even when the etched openings stop at the first barrier layer
41 so that a desired electrical contact to the 2-DEG layer 8
formed at the interface between the channel layer 3 and the
first barrier layer 41 is reliably formed.

In a further process, a gate contact 10 is formed by etching
an opening through the passivation layer 6 and second
barrier layer 42 and depositing a conductive material to
provide an electrical connection to the gate layer section 5.
In the present embodiment, each of the contacts 10 and
electrodes 11, 12 are ohmic contacts. The material of the
contact 10 and electrodes 11, 12 can be selected according
to specific needs. It is also possible to form the source and
drain electrodes 11, 12 and the gate contact 10 in a common
process. The resulting structure is illustrated in FIG. 2E,
which corresponds to FIG. 1.

With reference to FIGS. 3A to 3E, a further embodiment
for manufacturing a nitride semiconductor device will be
described. This embodiment includes a selective epitaxial
deposition of a second barrier layer on exposed portions of
a first barrier layer and a selective etching of a p-doped gate
layer relative to the second barrier layer.

Different to the first embodiment, the buffer layer 2 is
omitted since substrate 1 is made of a semiconductor mate-
rial having a lattice structure similar to the lattice structure
of the channel layer 3. If desired, a buffer layer can also be
included. The first barrier layer 41 is formed on the channel
layer 3 as described above.

A mask or sacrificial layer 15 is formed on the first barrier
layer 41. The mask 15 can be, for example, a hard mask
made of an oxide such as SiO, and formed by depositing an
about 100 nm thick oxide layer, which is subsequently
patterned. Mask 15 defines the region where the gate layer
section is later formed, i.e. the gate region. The resulting
structure is illustrated in FIG. 3A.
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A second barrier layer 42 is formed on the first barrier
layer 41 by selective epitaxial growth of AlGaN or InAlIN to
a thickness of about 20 nm. No semiconductor material is
deposited on the mask 15 as illustrated in FIG. 3B.

In a subsequent process, as illustrated in FIG. 3C, hard
mask 15 is removed by a wet oxide etch so that an opening
in the second barrier layer 42 is formed for exposing the first
barrier layer 41. First and second barrier layers 41, 42 form
together the barrier layer 4, which has a recess formed by the
opening in the second barrier layer 42.

In a further process, as illustrated in FIG. 3C, an in situ
p-doped gate layer 5-2 is deposited, using a material and
process as described above. The p-doped gate layer 5-2 also
lines and fills the opening of the second barrier layer 42
(recess in the barrier layer 4) so that the p-doped gate layer
5-2 is also formed on and in contact with the first barrier
layer 41 in the gate region defined by the opening.

As illustrated in FIG. 3D, p-doped gate layer 5-2 is etched
using a lithographically formed mask (not illustrated). The
etching, typically a plasma etching using SFy, is selective to
the material of the second barrier layer 42 so that the etching
stops at the second barrier layer 42. As described above in
connection with the embodiment illustrated in FIGS. 2A to
2E, the etch selectivity can be adjusted by selecting the
Al-content of the second barrier layer 42 forming the etch
stop layer. Typically, the Al-content is in the range of about
18% to about 25% which results in a sufficient etch selec-
tivity to p-doped GaN, which can be used as material of the
p-doped gate layer 5-2. A higher Al-content even further
improves the etch selectivity and also improves the channel
characteristics in the gate-drain and gate-source section of
the 2-DEG layer 8 without affecting the threshold voltage of
the HEMT 100. Since second barrier layer 42 is formed
outside of the gate region, it can have a high Al-content.

The resulting structure is illustrated in FIG. 3D. The thus
formed p-doped gate layer section 5 partially covers the
second barrier layer 42 since the lithographic mask has been
formed larger than the opening to prevent removal of the
p-doped gate layer 5-2 in case of a misalignment of the
lithographic mask.

In further processes, as illustrated in FIG. 3E, a passiva-
tion layer 6 is deposited, and gate contact 10 and source and
drain electrodes 11 and 12 are formed, for example as
described above.

In this embodiment, the same material can be used for the
first and second barrier layers 41, 42. It is, however, also
possible to use different materials, particularly materials
having a different Al-content, if desired.

The embodiments illustrated in FIGS. 2A to 2E and 3A to
3D allow a very precise adjustment of the thickness of the
first portion 4-1 of the barrier layer 4 between the gate layer
section 5 and the channel layer 3 since the thickness in that
region is controlled by the epitaxial deposition process used
to form the first barrier layer 41. Another improvement is
that the Al-content of the first barrier layer 41 can also be
lower than the Al-content of the second barrier layer 42 to
keep the threshold voltage of the HEMT 100 in a region of
about +2V to about +3V without affecting the conductivity
of the 2-DEG layer 8 in the gate-drain and gate-source
section, respectively. The Furthermore, the embodiments
illustrated in FIGS. 2A to 2E and 3A to 3D refer to the
double barrier layer HEMT as described above.

With reference to FIGS. 4A to 4E, a further embodiment
for manufacturing a nitride semiconductor device will be
described. This embodiment includes a partial etching of a
barrier layer and a selective epitaxial deposition of a
p-doped gate layer on exposed portions of the barrier layer.
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Furthermore, this embodiment uses a single barrier layer.
Instead of a single barrier layer, a double layer structure as
described above can also be used. For example, the barrier
layers of different AL-content can be used to allow selective
etching.

The process starts with a channel layer 3, which can be
arranged on a not illustrated substrate and an optional buffer
layer, on which a barrier layer 4 is formed. In this embodi-
ment, barrier layer 4 is formed by a single layer. It is also
possible, to include different barrier layers which form
together the barrier layer 4. For example, several monolay-
ers of the same or different material can be used. Using
different materials allows, for example, formation of a
barrier layer having grading in the Al-content. In this
embodiment, barrier layer 4 can be, for example, an epi-
taxially grown AlGaN or an AllnN layer having a thickness
of'about 20 nm, but can also be made of any of the materials
described above. Channel layer 3 can be made of, for
example, GaN, but can also be made of any of the materials
described above.

A cover layer 17, which later also constitutes a passivation
layer, is deposited on the barrier layer 4. Cover layer 17 can
be, for example, a hardmask made of SiO, or Si;N,,.

As illustrated in FIG. 4B, the cover layer 17 is patterned
using a not illustrated lithographic mask to form an opening
in the cover layer 17, which opening defines the gate region
of the device. In a further process, the barrier layer is
partially etched, for example by plasma-assisted SF etch-
ing, using the patterned cover layer 17 as etch mask to form
a recess 18 in the barrier layer 4. The etch time controls the
extent to which the barrier layer 4 is formed and is selected
such that the barrier layer 4 is not completely removed, i.e.
a thin portion of the barrier layer 4 remains. In one embodi-
ment, if barrier layer 4 includes a first and a second barrier
layer of different materials as described above, it is also
possible to etch the second barrier layer selectively to the
first barrier layer, which functions then as etch stop layer.
The resulting structure is illustrated in FIG. 4B showing a
thin first portion 4-1 (recess 18) of the barrier layer 4 in the
gate region and a thick second portion 4-2 outside the gate
region.

As illustrated in FIG. 4C, an in situ p-doped gate layer
section 5 is deposited by selective epitaxial deposition on
exposed portion of the barrier layer 4, i.e. the exposed first
portion 4-1. The deposition can be controlled such that no
lateral overgrowth occurs. Gate layer section 5 can have a
larger thickness than the barrier layer 4 and can be recessed
from the upper surface of the cover layer 17. In this
embodiment, p-doped gate layer section 5 is made of GaN
but can also be made of any of the materials described
above.

In a further process, a selective epitaxial deposition of
further material of the p-doped gate layer section 5 is
performed which also results in a partial lateral overgrowth
of the gate layer section 5 over the cover layer 17, as
illustrated in FIG. 4D.

As illustrated in FIG. 4E, a gate contact 10 is formed on
the p-doped gate layer section 5 and source and drain
electrodes 11, 12 are formed as described above.

According to another embodiment, a method for manu-
facturing a nitride semiconductor device is provided. The
method includes providing a Group-I1I nitride channel layer:
forming a Group-III nitride barrier layer having a recess on
the Group-III nitride channel layer, the Group-III nitride
barrier layer; forming a p-doped Group-III nitride gate layer
section at least in the recess of the Group-III nitride barrier
layer: forming a gate contact on the p-doped Group-III
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nitride gate layer: forming a source electrode; forming a
drain electrode spaced apart from the source electrode.

A skilled person will appreciate that processes from the
above embodiments can be combined and exchanged to
obtain further embodiments. Particularly, the functional lay-
ers can include material different to the specific material
described in connection with the above embodiments as long
as the desired functional characteristics remain substantially
the same or are equivalent thereto.

FIG. 6 illustrates a further embodiment pertaining to a
nitride semiconductor device. The device 200, which can be
a HEMT, can have substantially the same structure as the
device 100 of FIG. 1 with the difference that the p-doped
gate layer section is replaced by a metal 13 forming a
Schottky contact on the first barrier layer 41. Depending on
the thickness of the first barrier layer 41, the device can be
an enhancement mode or a depletion mode device. The
double barrier layer approach can therefore also be applied
to depletion mode devices to allow a precise thickness
control of the barrier layer 4 to form a recessed gate
structure. The manufacturing methods as illustrated above
can be easily adapted by replacing the p-doped gate layer 5-1
and p-doped gate layer section 5 with a metal for forming a
Schottky contact.

The processes illustrated in FIGS. 3A to 3E are for
example suitable to form such HEMT. The processes of
FIGS. 3A and 3B are for example used to form first and
second barrier layer 41, 42. Different to the processes
illustrated in FIGS. 3C and 3D, a Schottky metal layer 13-1
is deposited and pattern to form a Schottky contact 13. The
remaining process as illustrated in FIG. 3C can be used to
finish the HEMT.

This modification allows any easy integration of depletion
and enhancement devices into a single substrate to form
complementary integrated circuits on the basis of Group-III
nitride semiconductor material. Since similar processes can
be used to form the depletion and the enhancement devices,
the integration requires only few additional steps. This opens
up the possibility of designing Group-III nitride logical
devices, which can operate at high speed and low power
consumption. Furthermore, complementary power devices
or power devices with integrated logic can be formed.

Accordingly, a nitride semiconductor device such as a
HEMT is provided. The nitride semiconductor device
includes a Group-III nitride channel layer: at least a first
Group-lII nitride barrier layer on the Group-III nitride
channel layer: at least a second Group-I1I nitride barrier on
the first Group-III nitride barrier layer, the second barrier
layer including an opening extending to the first barrier
layer: a Schottky metal section at least in the opening and in
contact with the first Group-III nitride barrier layer: a
2-DEG layer at the junction between the Group-III nitride
channel layer and the first Group-III nitride barrier layer: a
gate contact on the Schottky metal section: a source elec-
trode in electrical contact with 2-DEG layer: and a drain
electrode in electrical contact with the 2-DEG layer and
spaced apart from the source electrode.

Accordingly, a nitride semiconductor device such as a
HEMT is provided. The nitride semiconductor device
includes a Group-III nitride channel layer: at least a first
Group-lII nitride barrier layer on the Group-III nitride
channel layer: at least a second Group-I1I nitride barrier on
the first Group-III nitride barrier layer, the second barrier
layer including an opening extending to the first barrier
layer: a gate layer section at least in the opening and in
contact with the first Group-III nitride barrier layer: a
2-DEG layer at the junction between the Group-III nitride
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channel layer and the first Group-III nitride barrier layer: a
gate contact on the gate layer section: a source electrode in
electrical contact with 2-DEG layer; and a drain electrode in
electrical contact with the 2-DEG layer and spaced apart
from the source electrode. Gate layer section can be a
Schottky metal or p-doped Group-III nitride material.

The common processing of depletion mode and enhance-
ment mode devices is illustrated in FIGS. 7A to 7C. The
manufacturing of the device 300 including an enhancement
mode device 100 and a depletion mode device 400 is based
on the processes of FIGS. 3A to 3E. After selective depo-
sition of the second barrier layer 42 in the region of both
devices 100, 400, first the p-doped gate layer section 5 is
formed in the region of the enhancement mode device 100
(FIG. 7A) and then the Schottky contact 13 is formed in the
region of the depletion mode device 400. Subsequently,
passivation layer 6, gate contacts 100 and source and drain
electrodes 11, 12, respectively, are formed in the region of
both devices. The final structure is illustrated in FIG. 7C. It
would also be possible to use a manufacturing method based
on the FIGS. 4A to 4E, for example.

A further variation is illustrated in FIG. 7D. The second
barrier layer 41 in the region of the depletion mode device
500 does not include an opening so that the barrier layer 4
has the same thickness in the first portion 4-1 and the second
portion 4-2.

Another option is to form an additional gate dielectric
layer on the recessed portion (first portion) of the barrier
layer below the p-doped gate layer section. This also results
in the formation of an enhancement mode device. Accord-
ingly, such enhancement mode devices can be integrated
together with the enhancement mode devices described
above.

According to one or more embodiments, a nitride semi-
conductor circuit is provided which includes at least one
depletion mode device and at least one enhancement mode
device as described above. Both devices can include a
double barrier layer as described above.

The written description above includes specific embodi-
ments, including the best mode, and also to enable any
person skilled in the art to make and use the invention. While
the invention has been described in terms of various specific
embodiments, those skilled in the art will recognise that the
invention can be practiced with modifications within the
spirit and scope of the claims. Especially, mutually non-
exclusive features of the embodiments described above may
be combined with each other. The patentable scope is
defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims.

What is claimed is:

1. A semiconductor device, comprising:

a Group-III nitride channel layer;

a Group-III nitride barrier layer on the Group-III nitride
channel layer, the Group-III nitride barrier layer com-
prising a first portion and a second portion, wherein the
first portion has a thickness less than a thickness of the
second portion, and wherein the Group-III nitride bar-
rier layer comprises:

a first Group-III nitride barrier layer forming the first
portion on the Group-III nitride channel layer, and

a second Group-III nitride barrier layer on and in
contact with the first Group-III nitride barrier layer
and forming the second portion together with the first
Group-11I nitride barrier layer;
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a p-doped Group-III nitride gate layer section at least on
and in contact with the first Group-III nitride barrier
layer;

a gate contact on the p-doped Group-III nitride gate layer
section, wherein the second Group-III nitride barrier
layer is also arranged on the p-doped Group-III nitride
gate layer section so that the p-doped Group-III nitride
gate layer section is disposed vertically between the
first Group-III nitride barrier layer and the second
Group-1I1 nitride barrier layer;

a source electrode; and

a drain electrode spaced apart from the source electrode.

2. The semiconductor device of claim 1, wherein the first
Group-III nitride barrier layer and the second Group-III
nitride barrier layer each include aluminum, and wherein the
first Group-11I nitride barrier layer comprises an aluminum
content that is different from an aluminum content of the
second Group-III nitride barrier layer.

3. The semiconductor device of claim 1, wherein the first
Group-II1 nitride barrier layer comprises an Al-content that
is different from an Al-content of the p-doped Group-III
nitride gate layer section.

4. The semiconductor device of claim 1, wherein the first
portion of the Group-I1I nitride barrier layer defines a recess.

5. The semiconductor device of claim 1, further compris-
ing:

a gate dielectric layer between the p-doped Group-III
nitride gate layer section and the first portion of the
Group-1I1 nitride barrier layer.

6. A semiconductor device, comprising:

a Group-III nitride channel layer;

a first Group-III nitride barrier layer on the Group-III
nitride channel layer;

a gate layer section on the first Group-III nitride barrier
layer, the gate layer section comprising a p-doped
Group 111 nitride semiconductor;

a second Group-I1I nitride barrier layer on the first Group-
111 nitride barrier layer, the gate layer section disposed
vertically between the first Group-III nitride barrier
layer and the second Group-III nitride barrier layer;

a 2-dimensional electron gas (2-DEQG) layer at a hetero-
junction between the Group-III nitride channel layer
and the first Group-III nitride barrier layer;

a gate contact on the gate layer section;

a source electrode in electrical contact with the 2-DEG
layer; and

a drain electrode in electrical contact with the 2-DEG
layer and spaced apart from the source electrode.

7. The semiconductor device of claim 6, wherein the first
Group-II1 nitride barrier layer comprises an Al-content that
is different from an Al-content of the second Group-III
nitride barrier layer.

8. A semiconductor device, comprising:

an undoped channel layer comprising Al ,Ga, N with
O=asl;

an undoped barrier layer at least comprising one of
Al,,Ga, ,IN (0=bl<l and a<bl) and Al_In, N
(0O=cl=1 and a<cl) on the undoped channel layer, the
undoped barrier layer having a bandgap higher than a
bandgap of the undoped channel layer and forming a
heterojunction with the undoped channel layer, and the
undoped barrier layer comprising a first portion and a
second portion with the first portion having a thickness
less than a thickness of the second portion, the undoped
barrier layer including an undoped first barrier layer on
the undoped channel layer and an undoped second
barrier layer on the undoped first barrier layer at the
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second portion and spaced from the undoped first
barrier layer in the first portion;

a p-doped gate layer comprising Al Ga, ;N with 0<z=l
disposed between the undoped first barrier layer and the
undoped second barrier layers at the first portion so as
to be on and in contact with the undoped first barrier
layer at the first portion of the undoped barrier layer;

a gate contact on the p-doped gate layer section;

a source electrode; and

a drain electrode spaced apart from the source electrode.

9. The semiconductor device of claim 8, wherein the
undoped barrier layer comprises:

the undoped first barrier layer comprising the one of
Al,,Ga, ,;N (0=bl=l and a<bl) and Al In, N
(0O=cl=1 and a<cl) on the undoped channel layer, the
undoped first barrier layer having a bandgap higher
than the bandgap of the undoped channel layer and
forming the heterojunction with the undoped channel
region; and

the undoped second barrier layer comprising one of
Al,,Ga, ,,N (0=b2=1; a<b2) and Al ,In; ,N (0=c2<1;
a<c2) on and in contact with the undoped first barrier
layer at the second portion of the undoped barrier layer,

wherein the p-doped gate layer section is on and in contact
with the undoped first barrier layer at the first portion
of the undoped barrier layer.

10. The semiconductor device of claim 9, wherein b1<b2

and cl<c2.
11. The semiconductor device of claim 9, wherein the
undoped first barrier layer has a first barrier layer thickness
which is different from a second barrier layer thickness of
the undoped second barrier layer.
12. A method for manufacturing a semiconductor device,
the method comprising:
providing a Group-III nitride channel layer;
forming a Group-III nitride barrier layer on the Group-III
nitride channel layer, the Group-III nitride barrier layer
comprising a first portion and a second portion,
wherein the first portion has a thickness less than a
thickness of the second portion, and wherein forming
the Group-III nitride barrier layer comprises:
forming a first Group-III nitride barrier layer on the
Group-11I nitride channel layer;

forming a second Group-III nitride barrier layer on and
in contact with the first Group-III nitride barrier
layer;

forming a p-doped Group-III nitride gate layer section at
least on the first portion of the Group-III nitride barrier
layer and in contact with the first Group-IIl nitride
barrier layer;

forming a gate contact on the p-doped Group-III nitride
gate layer section, wherein the second Group-III nitride
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barrier layer is also arranged on the p-doped Group-I11
nitride gate layer section so that the p-doped Group-I11
nitride gate layer section is disposed vertically between
the first Group-III nitride barrier layer and the second
Group-1I1 nitride barrier layer;
forming a source electrode; and
forming a drain electrode spaced apart from the source
electrode.
13. The method of claim 12, wherein forming the p-doped
Group-1I1 nitride gate layer section comprising:
forming a p-doped Group-1I1 nitride gate layer on the first
Group-1I1 nitride barrier layer; and
selectively etching the p-doped Group-III nitride gate
layer to the first Group-III nitride barrier layer to form
the p-doped Group-III nitride gate layer section.
14. The method of claim 13, further comprising:
forming a mask on the p-doped Group-III nitride gate
layer to protect the p-doped Group-III nitride gate layer
section; and
wherein selectively etching the p-doped Group-III nitride
gate layer comprises selectively etching the p-doped
Group-1I1 nitride gate layer using the mask.
15. A method for manufacturing a semiconductor device,
the method comprising:
providing a Group-III nitride channel layer;
forming a first Group-IIl nitride barrier layer on the
Group-1I1 nitride channel layer;
forming a p-doped Group-I1I nitride gate layer section on
and in contact with the first Group-III nitride barrier
layer;
forming a second Group-I11 nitride barrier layer on and in
contact with the first Group-III nitride barrier layer, the
gate layer section disposed vertically between the first
Group-1I1 nitride barrier layer and the second Group-I11
nitride barrier layer;
forming a gate contact on the p-doped Group-III nitride
gate layer section;
forming a source electrode; and
forming a drain electrode spaced apart from the source
electrode.
16. The method of claim 15, wherein forming the p-doped
Group-1I1 nitride gate layer section comprising:
forming a p-doped Group-1I1 nitride gate layer on the first
Group-1I1 nitride barrier layer;
forming a mask on the p-doped Group-III nitride gate
layer; and
etching the p-doped Group-III nitride gate layer using the
mask to form the p-doped Group-III nitride gate layer
section.



